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Development/Plasticity/Repair
Stromal Cell-Derived Factor-1 (Chemokine C-X-C Motif
Ligand 12) and Chemokine C-X-C Motif Receptor 4 Are
Required for Migration of Gonadotropin-Releasing
Hormone Neurons to the Forebrain
Gerald A. Schwarting,1,2 Timothy R. Henion,1,2 J. David Nugent,1 Benjamin Caplan,1 and Stuart Tobet3
1Shriver Center, Waltham, Massachusetts 02452, 2Department of Cell Biology, University of Massachusetts Medical Center, Worcester, Massachusetts
01655, and 3College of Veterinary Medicine and Biomedical Science, Colorado State University, Fort Collins, Colorado 80523
Gonadotropin-releasing hormone (GnRH) neurons migrate from the vomeronasal organ (VNO) in the nasal compartment to the basal
forebrain in mice, beginning on embryonic day 11 (E11). These neurons use vomeronasal axons as guides to migrate through the nasal
mesenchyme.Most GnRH neurons thenmigrate along the caudal branch of the vomeronasal nerve to reach the hypothalamus.We show
here that stromal cell-derived factor-1 [SDF-1, also known as chemokine C-X-Cmotif ligand 12 (CXCL12)] is expressed in the embryonic
nasal mesenchyme from as early as E10 in an increasing rostral to caudal gradient that is most intense at the border of the nasal
mesenchyme and the telencephalon. Chemokine C-X-Cmotif receptor 4 (CXCR4), the receptor for SDF-1, is expressed by neurons in the
olfactory epithelium and VNO. Cells derived from these sensory epithelia, including migrating GnRH neurons and ensheathing glial
precursors of themigratingmass (MM), also express CXCR4, suggesting that theymayuse SDF-1 as a chemokine. In support of this,most
GnRH neurons of CXCR4/mice fail to exit the VNO at E13, and comparatively few GnRH neurons reach the forebrain. There is also a
significant decrease in the total number of GnRH neurons in CXCR4/mice and an increase in cell death within the VNO relative to
controls. The MM is smaller in CXCR4/mice, suggesting that some MM cells also require SDF-1/CXCR4 function for migration and
survival.
Keywords: gonadotropin-releasing hormone; luteinizing hormone-releasing hormone; cellmigration;migratingmass; chemokine; Kall-
mann’s syndrome
Introduction
Chemokines have been implicated in the development of the
central and peripheral nervous systems (Tran and Miller, 2003).
Stromal-derived factor-1 [SDF-1, also known as chemokine
C-X-C motif ligand 12 (CXCL12)] is a particularly versatile che-
mokine in that it can act as a chemoattractant for granule cell
precursors in the developing cerebellum and the dentate gyrus of
the hippocampus (Bagri et al., 2002; Lu et al., 2002; Zhu et al.,
2002). It also has been shown to regulate interneuron migration
in the developing cortex (Stumm et al., 2003) and to promote
survival of retinal ganglion cells (Chalasani et al., 2003). Chemo-
kine (C-X-Cmotif) receptor 4 (CXCR4) is the only known recep-
tor for SDF-1, and mice that lack either SDF-1 or CXCR4 show
similar developmental abnormalities (Ma et al., 1998; Zou et al.,
1998). It was shown recently that dorsal root ganglia (DRG) were
smaller andmalformed in CXCR4/mice, indicating that SDF-
1/CXCR4 signaling plays an important role in directing the mi-
gration of sensory neuron progenitors to DRG (Belmadani et al.,
2005).
SDF-1 and CXCR4 are expressed in the developing olfactory
system (Tissir et al., 2004). Early stages of olfactory development
are characterized by the migration of gonadotropin-releasing
hormone (GnRH) neurons from the vomeronasal organ (VNO)
to the forebrain and the migration of glial precursors, known as
themigratingmass (MM), from the olfactory epithelium (OE) to
the nerve layer of the olfactory bulb (OB) (Valverde et al., 1992).
Migration of MM cells begins at embryonic day 10 (E10) and is
completed by E13. GnRH neurons first emerge from the VNO at
E11 and migrate over a much longer pathway to the hypothala-
mus untilE18 (Schwanzel-Fukuda and Pfaff, 1989; Wray et al.,
1989). Little is known about the mechanisms involved in the
migration of either of these cell types or whether theymight share
any common feature that could link their migratory behaviors.
We show here that loss of SDF-1/CXCR4 signaling results in the
partial inhibition of themigration ofMMcells and the inability of
themajority of GnRHneurons tomigrate from theVNO inmice.
From a clinical standpoint, failure of GnRH neurons to migrate
into the hypothalamus is the hallmark of Kallmann’s syndrome
(KS) (Quinton et al., 1997; Dode and Hardelin, 2004), resulting
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in hypogonadotropic hypogonadism (HH) and complete or par-
tial loss of the sense of smell. Although genes associated with
X-linked KS have been identified, a majority of individuals with
HH are not anosmic and do not have a mutation in the Kall-
mann’s syndrome (KAL) gene (Oliveira et al., 2001). SDF-1/
CXCR4 provides new candidate genes/pathways for understand-
ing the clinical and neuroendocrine phenotypes in some HH
individuals who are not anosmic.
Materials andMethods
Animals. CXCR4/ mice were obtained by breeding heterozygous
CXCR4/ mice from The Jackson Laboratory (Bar Harbor, ME), and
genotyping was performed by using a previously described PCR protocol
(Ma et al., 1998). Six CXCR4/ and five wild-type littermate mice were
analyzed at E12 andE13.Wild-type andheterozygousmicewere found to
be similar (data not shown).
In situ hybridization. SDF-1 and CXCR4 probes were a generous gift
from Dr. Andre Goffinet (The University of Louvain Medical School,
Brussels, Belgium) (for details, see Tissir et al., 2004). The GnRH ribo-
probe recognized the mouse prepro-antisense sequence, as previously
described (Allen et al., 2000). Digoxigenin-labeled RNA probes were
generated according to the methods described in the Roche Genius kit
(Indianapolis, IN). In situ hybridization was performed on 20-m-thick
coronal cryostat sections through the OE and OB of mice as previously
described (Schwarting et al., 2004). Double-label in situ hybridizations
were performed with a similar protocol, adapted for sequential detection
of two alkaline phosphatase-labeled riboprobes (Jowett, 2001). Tissue
sections were incubated overnight simultaneously with fluorescein-
labeled riboprobes to CXCR4 and digoxigenin-labeled riboprobes to
GnRH. CXCR4 expression was localized first by using alkaline
phosphatase-conjugated anti-fluorescein antibody and nitroblue
tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) sub-
strate. Residual bound alkaline phosphatase was deactivated in 0.1 M
glycine-HCl for 15 min before localization of GnRH expression with
anti-digoxigenin alkaline phosphatase antibody visualized with iodon-
itrotetrazolium violet/BCIP (INT/BCIP) substrate. The yellow INT/
BCIP reaction product is partially soluble and marks the entire cell body
of positive neurons, whereas the purple NBT/BCIP reaction product
precipitates over the cytoplasm.
Histology and immunocytochemistry. For immunocytochemical exper-
iments the heads were fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4, imbedded with 30% sucrose, and cryosectioned at 20m
thickness onto slides as previously described (Schwarting et al., 2004).
Sections then were incubated in antibodies to III-tubulin (Sigma, St.
Louis, MO) or peripherin (Chemicon, Temecula, CA) in 1% BSA with
0.3% Triton X-100 overnight at 4°C. For lectin labeling the sections were
incubated in FITC-conjugated Lycopersicon esculentum agglutinin (LEA)
lectin (Vector Laboratories, Burlingame, CA) in 1% BSA and 0.3% Tri-
ton X-100 overnight at 4°C.
Cell death. Assays for apoptosis in the VNO and MMwere performed
by using protocols described in the DeadEnd terminal deoxynucleotidyl
transferase-mediatedUTPnick end labeling (TUNEL) system (Promega,
Madison, WI). Visualization of TUNEL-positive cells was modified by
using Vectastain ABC kit amplification of diaminobenzidine-nickel sub-
strate detection (Henion et al., 2005).
Results
SDF-1 and CXCR4 are expressed in the developing accessory
olfactory system
At E12.5 mice SDF-1mRNA is expressed in the caudal half of the
nasal mesenchyme (Fig. 1A). SDF-1message is strongest border-
ing the telencephalon and weakest in mesenchymal cells border-
ing the VNO. SDF-1 is not expressed rostral or ventral to the
VNO. In an adjacent section to Figure 1A, CXCR4 is expressed by
neurons in the VNO, OE, and by many cells in positions midway
between the VNO and forebrain (Fig. 1B, arrows). The position
of these cells can be seen as gaps in the expression of SDF-1 (Fig.
1A) and coincides with themigration of GnRHneurons from the
VNO to the forebrain at this age.
In a horizontal section through the nose and brain of an E12.5
mouse SDF-1 expression is heavy throughout the nasal mesen-
chyme (Fig. 1C). Spaces lacking SDF-1 expression are inter-
spersed in the mesenchyme. In an adjacent section to Figure 1C,
CXCR4-positive cells can be seen emerging from the VNO as in
Figure 1B, as well as approaching the forebrain (Fig. 1D, arrows).
SDF-1 mRNA is expressed in a rostral to caudal gradient
In situ hybridization that used a digoxigenin-labeled SDF-1 ribo-
probe developed with NBT-BCIP revealed heavy expression in
the mesenchyme between the VNO and the forebrain. To deter-
mine whether this expression conformed to a spatial gradient
within the developing olfactory system, we measured the pixel
density at several locations in the mesenchyme of E12 mice, pro-
viding a semiquantitative analysis of mRNA expression in this
tissue. We took measures at five locations from the VNO to the
forebrain at equally spaced locations along the rostrocaudal axis
(Fig. 2A). Repeated measures analysis by region revealed that
there is an increasing gradient of SDF-1 mRNA (Fig. 2B) expres-
sion that is elevated slightly above background near the VNO and
increases at each subsequent caudal location. At the border of the
forebrain the pixel density is more than fourfold higher than
basal levels in the VNO or in the forebrain.
Figure 1. At E12.5 in a sagittal section (A) SDF-1 mRNA is expressed by mesenchymal cells
between the OE and the VNO and between the arrowheads of the OB. B, In an adjacent section
to A, CXCR4 is expressed in the OE and the VNO and by cells dispersed in the nasal mesenchyme
(arrows) between the VNO and the OB. In A, B, rostral is left, and dorsal is up. C, In a horizontal
section SDF-1 expression in the nasal mesenchyme (nm) between the VNO and the forebrain
(fb) is evident. D, Many CXCR4-positive cells are present along the pathway of migrating GnRH
neurons in the nasal mesenchyme and into the fb (arrows). In C, D, rostral is down, and caudal
is up. Scale bar, 100m.
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CXCR4 is expressed transiently by
GnRH neurons
Double-label in situ hybridization studies
were performed to determine whether
CXCR4 is expressed in GnRH neurons. At
E13 many GnRH neurons have left the
VNO and are migrating across the nasal
septum (Fig. 3). At this age most neurons
expressing GnRH (yellow) also coexpress
CXCR4 (purple), although there are sev-
eral examples of CXCR4-positive cells that
do not contain GnRH.
At E15 80% of GnRH neurons al-
ready have crossed the cribriform plate
and reside in the forebrain (Fig. 4A,B).
Single-label in situ hybridization studies in
serial sections at E15 confirmed that there
were almost no CXCR4-positive cells at
the typical forebrain location of GnRH
neurons. The few CXCR4-positive neu-
rons in the forebrain (Fig. 4D) were mar-
ginally detectable as comparedwith the ro-
bust expression of CXCR4 in the OE and
VNO (Fig. 4C). Double-label in situ hy-
bridization analysis confirmed the lack of
CXCR4 expression in GnRH neurons at
this age (data not shown). These results
suggest that CXCR4 expression in GnRH
neurons is downregulated once they have
migrated past the SDF-1 gradient into the forebrain.
SDF-1 and CXCR4 are expressed in the developing main
olfactory system
TheMM is a small cluster of undifferentiated precursor cells that
migrate from the developing OE at E10 and populate axon path-
ways and the nerve layer of the OB by E13 in the mouse. At E10,
an age when the olfactory placodes have invaginated into two
large pits on the lateral surfaces of the rostral head, SDF-1 is
expressed principally in the caudal mesenchyme (Fig. 5A) and is
strongest in the dorsal mesenchyme that borders the telencepha-
lon. A single row of SDF-1-negative cells (arrowhead) is posi-
tioned midway through the gradient of SDF-1-positive cells. In
an adjacent section to Figure 5A, a single row of CXCR4-positive
cells (Fig. 5B, arrow) is in a position that is identical to the gap in
SDF-1 expression. These cells comprise the initial cells of the
MM: cells that migrate from the olfactory pit (out of the plane of
section) 2 full days before GnRH neurons emerge from the VNO
and are in amore lateral position thanmedially migrating GnRH
neurons. At E11 the SDF-1 expression pattern is unchanged, and
gaps in expression are still apparent (Fig. 5C, arrowhead). Cells in
the MM are known to divide and differentiate during the course
of their migration, and at E11 CXCR4 is expressed by cells at the
outer edge of the MM (Fig. 5D, arrow), but most MM cells are
CXCR4-negative.
GnRH neuronmigration is inhibited in CXCR4mutant mice
The role of SDF-1/CXCR4 signaling in GnRH neuronal migra-
tion was examined in CXCR4-deficient mice (Ma et al., 1998).
Although most CXCR4 mutants die perinatally and have associ-
ated defects in neural crest and cerebellar development, the early
stages of olfactorymorphogenesis proceeded normally on a gross
level. The olfactory placode of CXCR4 mutants invaginated
properly from the nasal process to formmedial and lateral olfac-
tory pits fromwhich the vomeronasal organ budded at E10.5. To
examine GnRHmigration in detail, we collected alternating sag-
ittal sections from E12 CXCR4/ and CXCR4/ mice and
examined them for GnRH expression by using in situ hybridiza-
tion. In CXCR4/ mice at this age GnRH neurons are spread
out across the nasalmesenchyme from theVNO to the cribriform
plate (Fig. 6A). At E12 we counted (in every second section
through the mouse head) 328.7 11.9 GnRH neurons per one-
half GnRH/mouse (Table 1). Of the GnRH cells, half detected
in the VNO, and the other half was outside the VNO, migrating
through the nasal mesenchyme between the VNO and the cribri-
formplate. At this agewe did not detectGnRHneurons across the
cribriform plate into the forebrain.
Figure 2. In situ hybridization with the digoxigenin-labeled SDF-1 riboprobe was analyzed semiquantitatively for the pixel
intensity of the reaction product at five rostrocaudal locations between the VNO and the forebrain in E12 mice. A, In a typical
horizontal slice through the nose and forebrain SDF-1mRNA is expressed heavily throughout the nasalmesenchyme. Five equally
spaced locations (red circles) starting from a location adjacent to the VNO to an area adjacent to the forebrain (fb) weremeasured
for pixel intensity. B, Pixel intensity was measured directly from the tagged image file (TIF) at the locations shown in A. SDF-1 is
not expressed by cells in the VNO or forebrain; thus pixel intensities of the VNO and forebrain were assigned a value of 1.0
arbitrarily, and measures taken at the five locations were assigned values relative to the baseline value of 1.0. Pixel intensity
immediately caudal to theVNOwas increased significantly abovebaseline levels andalsowas increasedat each subsequent caudal
location. Five sections from five differentmicewere examined; the data are themeans SEM. The difference across regionswas
statistically significant (F(4,16) 14.59; p 0.0001), and post hoc analysis additionally indicated that regions 3, 4, and 5 all
differed significantly from region 1.
Figure 3. Double-label in situ hybridization at E13 in neurons migrating across the nasal
septum reveals that most GnRH neurons (yellow arrows) also express CXCR4 (purple ar-
rows). Some CXCR4-positive cells do not express GnRH. Dorsal is up, and rostral is left.
Scale bar, 10m.
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The typical position of GnRH neurons
detected in CXCR4/ mice is shown in
Figure 6B. The vast majority of GnRH
neurons in mutant mice remained in the
VNO. Within the VNO of CXCR4/
mice the GnRH neurons characteristically
were restricted to the rostroventral half of
the tissue (Fig. 6B, arrowhead). Thus not
only had few GnRH neurons migrated to-
ward the brain, but many of them were
clustered at an abnormal position within
the VNO. Quantitative analysis revealed
that, of an average of 296  34.4 GnRH
neurons per one-half CXCR4/ mouse,
nonewas detected in the region of the crib-
riform plate; 3.0% was found to be mi-
grating through the nasal mesenchyme,
and 97.0% was detected in the VNO.
These results clearly demonstrate that the
majority of GnRH neurons requires
CXCR4 to begin their normal migration
from the VNO.
One day later at E13 the total number
of GnRH neurons detected by in situ hy-
bridization increased nearly twofold in
controlmice, and their distributionwithin
the migratory pathway had changed sig-
nificantly. In wild-type mice the number
of GnRH neurons remaining in the VNO was reduced signifi-
cantly as compared with those at E12, because most of these
neurons had begun their migration across the nasal septum into
the forebrain. At E13 49% of GnRH neurons had crossed the
cribriform plate of CXCR4/ mice (Table 1; Fig. 6C). Many
GnRH neurons in the brain had turned and begun migrating
toward the ventral forebrain. InCXCR4/mice at E13 (Fig. 6D)
60% of GnRH neurons remained in the VNO, and 3% of
GnRH neurons had crossed the cribriform plate. Interestingly, of
the few GnRH neurons that were found in the forebrain of
CXCR4/ mice, none had migrated ventrally or caudally to-
ward the hypothalamus.
TheMM is abnormal in CXCR4mutant mice
The MM is composed mostly of undifferentiated ensheathing
glial precursor cells but also contains cells with neuronal charac-
teristics. Unlike GnRH neurons, cells within the MM proliferate
and differentiate as theymigrate (Valverde et al., 1992),making it
a difficult population to define, quantify, or manipulate. III-
Tubulin is a neuron-specific marker that strongly labels the early
olfactory axon populations that accompany MM cells during
transit to the presumptive OB (De Carlos et al., 1995; Roskams et
al., 1998). In addition, we found that the LEA lectin specifically
interacts with olfactory cells and axons, including most elements
of the MM. LEA does not label neurons in the telencephalon,
allowing for a clear demarcation of the border between the MM
and III-tubulin-positive cells in the cortical preplate. Double-
label immunofluorescence analysis of III-tubulin and LEA on
E12 sagittal sections of CXCR4 heterozygous and mutant mice
revealed that the MM is abnormal in CXCR4/mice (Fig. 7B).
It is decreased significantly in size when comparedwith heterozy-
gous mice (Fig. 7A).
Although the mutant MM extends to the rostral tip of the OB
in CXCR4 mutants similar to that of littermate controls, there is
a significant decrease in the breadth of theMMas it emerges from
Figure 5. In sagittal sections through the nasalmesenchyme (mes) and telencephalon (t) at E10
(A) and E11 (C) SDF-1mRNA is expressed inmesenchymal cells in the nose in a decreasing gradient
thatextends fromtheborderof the telencephalon rostrallyapproximatelymidwaythroughthenose.
AtE11thegradientdoesnotextendsofarastheolfactorypit(C,arrow).Atbothagestherearegaps(A,
C, arrowheads) in the SDF-1mRNA gradient.B, In an adjacent section at E10 a single row of CXCR4-
positive cells known as the MM (labeled as mm; arrow) is present in the mesenchyme midway
through the SDF-1 gradient (A, arrowhead). D, At E11 CXCR4-positive cells (arrow) are
dispersed along the borders of the MM with the mesenchyme, whereas other cells in the
MM are CXCR4-negative. Rostral is left, and dorsal is up. Scale bar, 100m.
Figure 4. In sagittal sections through the nasalmesenchyme and forebrain (fb) at E15 a cluster of GnRH neurons is detected in
the fb (A, boxed area) and is shown at highmagnification in B (arrows). C, In a serial section to A, CXCR4 is expressed in the VNO,
the OE, and in mitral cells of the OB. D, Very few neurons (arrow) in the fb (C, boxed area) express CXCR4 at this age. Dorsal is up,
and rostral is left. Scale bars: A, C, 200m; B, D, 50m.
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the OE and in the number of fibers that
project to the developing OB. III-
Tubulin expression in the developing OB
and forebrain appears to be normal in the
CXCR4 mutants at this age, and the OB
has begun to evaginate from the forebrain
normally.
Death of VNO cells in CXCR4/mice
At E13 the total number of GnRHneurons
in CXCR4/micewas approximately the
same as was counted at E12. This number
is 45% fewer than littermate controls at
E13. TUNEL analysis was performed to ex-
amine changes in programmed cell death
at E13 in the migratory route of GnRH
neurons (Fig. 8A,B). At this age there was
a large increase in the number of TUNEL-
positive cells in the VNO of CXCR4/
mice as compared with controls. Interest-
ingly, the increase in TUNEL-positive cells
was highest in the ventral half of the VNO,
which is the location at which GnRH neu-
rons begin to accumulate at E12. There
was no detectable increase in cell death in
other regions of the GnRH migratory
pathway.
Discussion
SDF-1 is a chemokine that plays an impor-
tant role in the central and peripheral ner-
vous systems and in the immune system (Nagasawa et al., 1996;
Vilz et al., 2005). It is believed that its action ismediated solely via
CXCR4, a seven transmembrane G-protein-coupled receptor.
We show here that SDF-1 is expressed by mesenchymal cells in
the embryonic olfactory system and that CXCR4 is expressed by
migrating GnRH neurons and by cells in the MM. The MM is
composed mostly of precursors of ensheathing glial cells, a pop-
ulation of cells that is known to promote neurite extension by
embryonic olfactory receptor cells (Kafitz and Greer, 1999). In
CXCR4 mutant mice most GnRH cells fail to migrate from the
VNO, indicating that SDF-1/CXCR4 signaling is required for
normal migration of most GnRH neurons. In addition, the MM
is significantly smaller in size in CXCR4/mice, suggesting that
SDF-1/CXCR4 signaling plays an important role in MM devel-
opment and the subsequent functional properties of the OB
nerve layer. SDF-1 mRNA is expressed in a steep gradient that is
heaviest at the border between the telencephalon and the nasal
mesenchyme. This graded expression of SDF-1 mRNA is evident
at E10, when the olfactory system is in its initial stages of differ-
entiation. As we show here, the gradient of SDF-1mRNA expres-
sion persists at E12, whenmany GnRH neurons emerge from the
VNO. This expression pattern and the defects observed in
CXCR4 mutant mice suggest that migrating CXCR4-positive
GnRH neurons may follow a positive rostral to caudal SDF-1
gradient toward the telencephalon. An analogous SDF-1 gradient
mechanism has been shown recently for the migration of
CXCR4-positive sensory progenitor cells to DRG (Belmadani et
al., 2005).
CXCR4 is expressed by most MM cells at E10 but is lost from
subsequent generations ofMMcells that are produced during the
course of migration. One main difference between the migration
of GnRH neurons and MM cells is that GnRH cells are differen-
tiated neurons by the time they migrate, whereas MM cells are
mostly precursors of ensheathing glial cells that continue to di-
vide as they migrate through the mesenchyme. In addition, most
GnRH neurons retain CXCR4 expression during their migratory
Figure 6. Most GnRH neurons fail tomigrate from the VNO in CXCR4mutantmice.A, At E12 in CXCR4/mice GnRH neurons
are detected in the VNO and in the nasal mesenchyme (arrows) caudal to the VNO on their way toward the cribriform plate (cp;
dashed line). B, In CXCR4/mice at E12 nearly all GnRH neurons are detected in the VNO, andmost are clustered (arrowhead)
in the ventral and rostral quadrant of the VNO, although a small percentage of GnRH neurons migrates from the VNO into the
mesenchyme of CXCR4/mice (arrow). C, At E13 in CXCR4/mice most GnRH neurons have migrated from the VNO, and
50% have crossed the cp and turned (arrow) toward the ventral forebrain (fb). D, In CXCR4/mice at E13 only a few GnRH
neurons migrate across the nasal septum and cross the cp (arrows). Many GnRH neurons reside in the rostroventral quadrant
(dashed circle; arrowhead) of the VNO. Rostral is left, and dorsal is up. Scale bar: (in D) A, B, 50m; C, D, 100m.
Table 1. GnRH neurons in CXCR4mice
VNO Nasal septum Brain Total
E12
/ (n 3) 163.7 28.4 165.0 39.7 0 328.7 11.9
/ (n 3) 284.7 36.6 11.3 2.3 0 296.0 34.4
E13
/ (n 3) 44.0 9.5 241.3 13.3 270.3 31.7 555.6 36.0
/ (n 2) 204.0 107.5 7.0 318.5
VNO, Vomeronasal organ; nasal septum; nasal compartment between the VNN and the cribriform plate; brain
includes the olfactory bulb; total is for alternative sections through the nose and brain, and thus represents one-half
of the total number of GnRH neurons per mouse.
Figure 7. TheMM is abnormal in CXCR4/mice. Double-label immunofluorescence anal-
ysis of sagittal sections through the nose and forebrain of E12 mice with the use of anti-III-
tubulin (red) antibodies and FITC-conjugated LEA lectin (green) labels the MM (yellow). A, In
CXCR4/mice double-labeled (yellow) MM cells and axons extend from the OE (arrowhead)
to the rostral tip of the OB (arrow), which has begun to protrude from the forebrain (fb). B, In a
matched section through the nose and forebrain of a CXCR4/mouse, theMM is significantly
smaller, containing many fewer double-labeled (yellow) cells and axons. In contrast, III-
tubulin expression in the forebrain appears normal in CXCR4/mice. Scale bar, 100m.
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phase through the nasal mesenchyme at E13. In contrast, most
MM cells lose CXCR4 expression by E11/E12, suggesting that
factors in addition to SDF-1 regulate their migration. Interest-
ingly, CXCR4 also is expressed by cells that do not migrate from
theOEorVNO, indicating that induction of cellmovement is not
the only outcome of CXCR4 signaling mechanisms. We also ob-
served that CXCR4 was found rarely in potential GnRH neurons
in the forebrain and was downregulated distinctly in GnRH neu-
rons by E15 when many already had crossed into the forebrain.
This suggests that GnRH neurons lose their responsiveness to
SDF-1 to cross the cribriform plate and enter the forebrain.
Between E12 and E13 there is a significant decrease in the
number of GnRH neurons in CXCR4/ mice, and TUNEL
analysis suggests that cell death is increased in the VNO of
CXCR4/mice. It is unclear whether there is a similar increase
in TUNEL-positive or caspase-3-positive cells in the MM, how-
ever. This may be attributable to a high basal level of cell death in
the MM in wild-type mice at these embryonic ages, which may
obscure increased cell death in the mutants. There are other pos-
sibilities for the observed decreases in GnRH and MM cells in
CXCR4 mutants. It is possible that the production of GnRH or
MM cells is decreased in CXCR4/ mice; however, at early
stages there is no difference in the number of GnRH neurons in
the VNO between mutant mice and controls. Other possibilities
are that CXCR4 signaling or continued migration toward the
forebrain may be necessary for the maintenance of GnRH gene
expression. In other mutant mice, such as netrin1/ and eph-
rin3–5/mice, there also were reported losses in immunoreac-
tive GnRH neuron numbers, but in neither case was the cause
determined (Schwarting et al., 2004; Gamble et al., 2005). In the
future it will be of considerable interest to determine whether
SDF-1 provides trophic support for GnRH neurons or MM cells.
KS is a developmental disorder defined by HH and anosmia
or, at least, extreme hyposmia. HH can be a result of the failed
migration of GnRH neurons into the hypothalamus (Schwanzel-
Fukuda et al., 1989). Anosmia is attributed to the failure of olfac-
tory axons to make connections to the OB. Two genes, KAL and
fibroblast growth factor 1 receptor (KAL2), have been implicated
in a small percentage of cases of KS (Franco et al., 1991; Dode et
al., 2003). Many patients with idiopathic HH (IHH) have a nor-
mal sense of smell, suggesting that migration of GnRH neurons
and growth of the majority of olfactory axons into the OB can be
dissociated. In an examination of 101 individuals with IHH, it
was found that 59 patients had trueKS; that is, 42 had no anosmia
(Oliveira et al., 2001). Only seven of the 59 cases of KS were
associated with mutations in the coding sequence of the KAL
gene. These findings suggest that the majority of autosomal cases
of KS is caused by defects in autosomal genes (Oliveira et al.,
2001). Furthermore, in the one case of fetal X-linked KS that was
analyzed (Schwanzel-Fukuda et al., 1989), GnRH migration ap-
peared to have occurred at least up to the region of the cribriform
plate. In this regard, X-linked KS may not be a failure of migra-
tory function but, rather, a block in the pathway between the nose
and brain. It will be important to determine whether aberrant
SDF-1/CXCR4 signaling as suggested by the current studymay be
involved in a subset of cases of IHH.
Only a few molecules have been described as capable of mod-
ifying the rate at which GnRH neurons migrate (Tobet and
Schwarting, 2006). These include GABA, ephrins A3 and A5, and
polysialic acid–neural cell adhesion molecule (PSA–NCAM)
(Tobet et al., 1996; Fueshko et al., 1998; Yoshida et al., 1999;
Gamble et al., 2005), although each of these factors acts on only a
subset of GnRHneurons. CNS chemokines have been implicated
in attracting GnRH axons toward the median eminence, al-
though the nature of these activities has not been defined further
(Rogers et al., 1997; Gill and Tsai, 2006). We previously showed
that netrin1 acted as a chemoattractant for axon guides used by
GnRHneurons tomigrate into the hypothalamus, but it does not
act directly on GnRH neurons (Schwarting et al., 2004). SDF-1/
CXCR4 is thus the first chemokine–receptor pair to be identified
that is necessary for the migration of the majority of GnRH neu-
rons from the VNO to the forebrain.
The effects of SDF-1 loss on themain olfactory system remain
to be determined, although they appear to be less dramatic than
the severe defects observed in GnRH neuron migration. Prelim-
inary immunocytochemical studies that use anti-peripherin an-
tibodies at E13 indicate that the olfactory nerve may be dimin-
ished in volume in mutant mice, although most olfactory axons
establish contact with the developing OB in mutant mice (data
not shown). Specific defects in olfactory axon guidance caused by
abnormalities in MM formation will require an analysis of the
targeting of individual odorant receptor-expressing neuron pop-
ulations in CXCR4/ mice. Results presented here, however,
suggest that main olfactory connections remain at least partially
intact in CXCR4 null mice. It will be interesting to determine
Figure 8. TUNEL analysis in sagittal sections of the VNO at E13 showing increased cell death
in CXCR4/ VNO neurons as compared with wild-type controls. A, In control animals at this
age the basal level of apoptosis is low; no TUNEL-positive cells are detectable in this control
image. B, In CXCR4/ VNO there is a significant increase in TUNEL-positive cells, most of
which are found in the ventral half of the VNO. Scale bar, 25m.
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whether some individuals with IHH, that is, loss of GnRH func-
tion while retaining partial olfactory function, may have de-
creased or absent SDF-1 or CXCR4 activities.
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